Introduction
One of the most devastating complications of prosthetic knee arthroplasty is a periprosthetic infection. This complication occurs in 1-2% of knee arthroplasties [1, 2] and can exceed 4% in immunocompromized individuals [3] and 7% after revision surgery [4] . Prosthetic infection leads to loosening of the implant, [5, 6] . In this circumstances revision surgery is required. Because of the diversity of the clinical presentation, i.e. early, intermediate or late infection [1] , different surgical methods to treat infected knee prostheses were developed [5, 6] . Several treatment methods became well accepted but others are still controversial. In the present review we intend to describe mainly the diagnostic tools for detection of infection and commonly used treatment methods in failed total knee arthroplasty due to infection, with special emphasis on the surgical techniques. Additionally we will describe some trends for the future improvement of the treatment modalities.
Pathology and microbiology
The main infecting pathogens, around 50%, of knee prostheses, are the different strains of Staphylococci, e.g. coagulase negative Staphylococci cause around 27% of knee prostheses infections and Staphylococcus aureus is responsible for 23% of infections, according to pooled data from nine different studies [7] . Most of the clinically significant infections are caused by biofilm producing microorganisms. The role of biofilms in pathogenesis of periprosthetic infection is the masking of the pathogens from bodily immune response and antibiotic access. Biofilm is a biological structure containing bacteria in a planktonic form imbedded in extracellular matrix made of different polysaccharide molecules, proteins and extracellular DNA (Figure 1 ). Biofilm generation goes through four consecutive steps: adherence of the pathogens to the surface of prosthesis, accumulation of the biofilm components, maturation of the biofilm and finally its detachment and spread of the microorganisms [8] . The ability of the microorganism to produce masking biofilm defines its virulence in prosthetic infection. Commensal bacteria, such as coagulase negative Staphylococci are more frequent in immediate and early prosthetic infections, when spread from the surgical wound edges and in late low grade infections. In late infections by hematogeous spread the Staphylococcus aureus is the most important causative factor [9] . 
Timing of occurence
Infections associated with prosthetic joints are classified according to time at detection as: early (develop less than 3 months after surgery), delayed [3 to 24 months after surgery) or late (more than 24 months after surgery) [10] . Clinical manifestations are in relation with timing [11] . In early cases clinical manifestations are joint pain, effusion, erythema and warmth of the joint. In delayed cases there are subtle signs such as implant loosening, persistent joint pain. Infection is generally provoked by less virulent microorganism. Late are acquired during hematogenous seeding. In a study of infection with THA during a 16 years period, 29 % of cases were early infections, 41 % delayed and 30% late infections [12] .
Diagnosis
Accurate and early diagnosis is the first step in effectively managing patients with prosthetic joint infection. Clinical history, physical examination, laboratory data and imaging studies are all taken into consideration. In addition to cultures, the most commonly used laboratory tests include serum inflammatory markers and synovial fluid cytology.
Plain films:
The appearance of rapidly progressive radiolucent lines surrounding an implant may be present during an infection. The resorption of subchondral bone and patchy osteoporosis are strong elements of suspicion ( Figure 2 ). Bone scan: bone scan can help confirm a diagnosis. However its high cost and its inability to provide acceptable levels of sensitivity and specificity have restricted its use. Although bone scintigraphy with technetium 99 m -labeled methylene diphosphonate has a high sensitivity, it lacks specificity for infection [13] . A technetium bone scan remains positive more than one year after implantation because of increased periprosthetic bone remodeling. Bone scan alone without labeling of the white cell has been found to have no role in diagnosing prosthetic joint infection. However, the use of indium 111 labeled leucocyte is time consuming and requires specialized labelling facility [14] .
Laboratory tests: There is no evidence supporting the role of WBC and/or white cell blood differential in diagnosis of presence or absence of infection. ESR and CRP are valuable markers for both diagnosing and monitoring periprosthetic infection. After surgery the C Reactive protein level is elevated and return to normal within weeks. Serial postoperative measurements are more informative than single values [15] . Elevated serum interleukin-6 level correlated positively with the presence of periprosthetic infection in patients undergoing a reoperation at the site of a total hip or knee arthroplasty.
In a prospective, case-control study of 58 patients undergoing revision surgery of total hip and knee arthroplasties, serum Interleukin-6 values >10 pg/mL was reported to have a sensitivity of 100%, specificity of 95%, positive predictive value of 89%, negative predictive value of 100% and accuracy of 97% [16] .
Knee aspirate cell count and differential: Synovial fluid cell count and differential is a very useful diagnostic test. Antibiotics should be suspended, if possible, for 10 to 14 days before carrying out the aspiration. Traumatic aspirations will result in falsely elevated leukocyte counts.
Polymerase chain reaction (PCR):
This method is used to detect and amplify the presence of bacterial DNA. It is thought to be a quick method since it is not affected by whether the patient takes antibiotics or not. However, a high percentage of false negative test results has been detected [17] . Therefore currently this technique can be used as a complementary diagnostic tool to the methods described above.
Sonication: Organisms associated with prosthetic-joint infection are found attached to the prosthesis, where they often form biofilms. This suggests that obtaining a sample from the implant might improve the diagnosis of prosthetic joint infection by unmasking adherent bacteria from explanted prosthesis by sonication. It was found that culture of samples obtained by sonication of prostheses were more sensitive than conventional periprosthetic-tissue culture for the microbiologic diagnosis of prosthetic joint infection, especially in patients who had received antimicrobial therapy within 14 days before surgery [18] .
Intraoperative Frozen Section:
The analysis of frozen histological sections is a valuable tool for diagnosing infection. It most often used to assist decision-making in cases with equivocal serum inflammatory makers and aspirate cytology. The cutoff value of >5 neutrophils per high power field at a magnification of 400 is most commonly used for the diagnosis of infection. The sensitivity is more than 80 percent and a specificity of of more than 80 percent [19] .
Intraoperative Gram Stain:
This modality is unreliable (sensitivity = 27%) and should not be used routinely. The AAOS guideline recommends against the use of intraoperative gram stain to rule out periprosthetic infection [20] .
Management of total knee arthroplasty infection
There are several options when it comes to managing an infected TKA. But before we select any of these, we must take into consideration a series of factors. These factors include the amount of time elapsed from infection, host-related factors, condition of the soft tissues, condition of the implant, virulence of microorganism present and its degree of sensitivity and, last but not least, the patient's expectations and functional needs.
Planning for any one option requires having detailed clinical records, cultures, x-rays and information of previously received treatment. It is important to identify high-risk patients, i.e. those receiving immunosuppressive treatment or suffering from malnutrition or systemic disease, trying to improve their general condition as much as possible before surgery.
Physical examination should provide information about the patient's neurovascular situation, articular mobility, the condition of their extensor mechanism and their soft tissues as well as about any previous incisions or the need of skin coverage by a plastic surgeon. Preoperative planning is important. The final goal of treatment is to eradicate infection, ease the pain and preserve the limb's function.
Antibiotic suppressive therapy
Efficiency of infection eradication with antibiotic therapy only is limited mainly due to the presence of foreign bodies, as implant and acrylic cement, and bacterial biofilm, therefore its use should be restricted to specific circumstances [21, 22] .
Indications for this type of treatment are as follows: 1) High operative risk due to medical co-morbidities; 2) Presence of low-virulence micro-organisms susceptible oral antibiotics that can be tolerated by the patient; 3) Mechanically stable prosthesis.
Antibiotic treatment should follow 3 basic principles: 1) Use of antibiotics of proven intracellular efficacy such as rifampicin, and new anti-staphylococcal agents. 2) Antibiotics should be combined, using a minimum of two to enhance the possibility of therapeutic success. 3) Long-standing administration, i.e. treatment should last a minimum of 6 months.
The use of new antibiotics could improve results for resistant bacteria. The oxazolidinone linezolid is a new wide-spectrum antibiotic with very attractive pharmacokinetic and activity profiles. It is an antibiotic that acts against methicillin-resistant staphylococci and vancomycin-resistant enterococci.
Surgical treatment
In early infection debridement and irrigation, without removing the implant, are usually chosen for surgical treatment.
The approach is through the previous surgical wound. Following division the subcutaneous tissue the knee is aspirated again.
Beforehand, the surgeon should carefully evaluate the knee radiographs for any sign of loosening, slight change in the components position, heterotrophic bone formation. All these may indicate chronic situation. Following the surgical exposure the stability of the implant should be evaluated. If reactive tissue found to sprout at the edge of the implant, it also might indicate on chronicity of the infection. [23, 24, 25] Extensive debridement should be performed followed with vigorous irrigation. The debrided tissue is sent for cultures and pathology while the implant preserved. When no reactive tissue left, last survey should include the gutters, the patellar tracking and the back fold of the knee.
Closure of the knee might need multi layers sutures, using non absorbable materials over heavy drain, which could be left in place for several days to the discharge to stop. Most surgeons allow regular rehabilitation and long term IV antibiotics. Some surgeons leave antibiotic beads and perform recurrent debridement prior to knee rehabilitation [23] 
Delayed or late infections
With delayed or late infection the orthopedic surgeon might face various clinical uncertainties with regard of decision making. The following are the most common clinical situations that are usually encountered:
Suppurating knee with positive cultures Clinically infected knee with positive laboratory data but negative cultures Clinically suspected infected knee without support of laboratory data
Clinically not infected knee with positive cultures
Suppurating knee with positive cultures
Identification of the infective germ prior to surgery allows preparation of appropriate antibiotics use within the operation. In some centers single stage revision preferred in cases of low virulence germ, effective antibiotics available both for embedding in the cement and the parenteral line.
Most surgeons favor a two-stage revision instead of a one-stage procedure [26, 27] 
The two stage procedure
The two-stage procedure is indicated particularly to treat overt infections with an active discharge and virulent organism on culture such as Staphylococus aureus and mainly in methicillin-resistant staphylococcus (MRSA). Removal of the implant is done in first stage and implantation of the new prosthesis is performed later and delayed for a variable period of time until all parameters of inflammation disappear (Figure 3) . The use of tourniquet without Esmarch bandage is advisable. Careful marking of the scars allows excision of the scars with old suture material. The arthrotomy should follow the original cut with extended lengths if necessary. Careful dissection is utilized in order to protect the vulnerable subcutaneous flaps. If open sinuses exist they should be debrided through the track. Pus and soft tissue are sent to culture with long incubation [28] . Extensive meticulous debridement is performed to the level of natural tissue, removing all synovial necrotic and non viable tissue. [27, 29] . All prosthetic components and acrylic cement are removed.
After the implants are exposed from all soft tissue, the anterior surface of the femoral component is gently released as with Gigli saw, the distal part of it is detached by thin osteotome and gentle mallet percussions saving the bone stock, without leaning on the soft infected bone. Following removal of the femoral component the undersurface of the tibial tray is released with a saw and osteotomes which are inserted medially and laterally. Then hammering of the tray away from the tibia is performed. Meticulous removal of all pieces of cement is a must and,although can be technically demanding, should be accomplished. Thorough debridement is performed again with excision and removal of all remnants of infected tissue. Then the dressing is changed and the knee is draped again. Irrigation should follow with 3 to 4 liters of saline. Five minutes of betadine soaking of the wound should be followed by insertion of antibiotic-impregnated spacers.
A cement spacer impregnated with eluting antimicrobial drugs, according the sensitivity of the infective microorganism, is then interposed between distal femur and proximal tibia. This keeps the limb at its correct length and allows partial joint mobility Non-articulating, or articulated, spacers, can be used according to preference. Few spacer types are used: antibiotic cemented beads, antibiotic cement block, articulating spacer etc [30, 31, 32] (Figure 4 ). The non articulated spacer is a fixed one, with inherited stability that allows post op full weight bearing but no knee movement. Sometimes an intramedullary nail (abut 30-36 cm long) used to bridge the knee with cement for the enhanced stability. Care should be taken to prevent thermal injuries by the inserted cement at its' extension under the patella.
A divided or articulated spacer contains two parts: one piece should be attached to the proximal tibia and the other to the distal femur. The articulating cement spacer allows the patient to bend his knee, to exercise for range of movement, thus preventing joint contractures and keeping the extensor mechanism integrity.
Adequate hemostasis should follow tourniquet release, irrigation and closure of the wound over a large bore drain.
Antibiotics are administered intravenously according to microbial sensitivity for an average of six weeks. The interval can vary between the two stages, e.g. between six weeks to three months, when the clinical condition is settled. During this period, the clinical recovery is carefully evaluated by the laboratory tests for infection control (ESR and CRP). If there is no clear evidence of clinical improvement, re-arthrotomy and debridement should be considered.
The second stage requires re-arthrotomy through the old scar, tissue is sent for cultures, for pathologic examination, including high power field microscopic examination. The cement spacer is removed; the surgeon should patiently repeat the meticulous debridement. Intense irrigation and change of knee dressing followed by bone preparation and revision implant cementing are performed. A constrained rotating knee prosthesis is generally the most suitable implant particularly in cases of bone loss.
The one stage procedure
The use of a single-stage revision is advocated by some in certain patients with known causative organism, when no discharging sinuses are present, the patient is not immunocompromized, and there is no radiological evidence of component loosening or osteitis.
This type of revision is considered when pathogen germ has been definitely identified with appropriate sensitive antibiotic. The cement should contain suitable antibiotics according the sensitivity of the infective pathogen, if it is known; antimicrobial treatment is given 2-3 weeks before prosthesis exchange.
Technically one stage revision procedure includes removal of all foreign material, implant components and cement, thorough the same steps of meticulous debridement, as stated above, and re-implantation of a new prosthesis at the same surgical session.
Clinically infected knee with positive laboratory data but negative cultures
Clinical infection with negative cultures is not rare. A patient may present painful and swollen knee, with synovitis and intraarticular fluid, elevated ESR and CRP, with positive leukocyte bone scan, while aspirated fluid reveal negative cultures. In such a case the aspiration should be repeated, and microbiological studies for rare microorganisms, including PCR should be performed. The one-stage type of revision can also be considered in presence of low grade clinical expression, such as long relentless pain, local heat, tenderness and slow rehabilitation milestones, negative preoperative aspiration cultures and intraoperative gram stains, as well as frozen section demonstrating less than 5 polymorphonuclears per high power field. Aged patients with positive cultures for low virulence strains, such as Staphylococcus epidermidis and Streptococcus type A, are sometimes allocated for revision in a single stage.
Clinically suspected infected knee without support of laboratory data
This group of patients is presented with swollen painful knee, sometimes with synovitis and loosening. Usually not long from the primary surgery, with no sign of polyethylene wear, normal laboratory tests as CRP or ESR, normal blood leukocytes count and negative leukocytes bone scan. Knee aspiration could reveal not clear fluid but with negative culture. In such circumstances repeated aspiration performed and the workup should be extended for material allergy such as nickel and chrome. If the clinical suspicion for infection is significant the surgeon might take steps as for fully infected case, performing two or single stage revision. The decision making in these circumstances lacks a high level of evidence support.
Clinically not infected knee with positive cultures
Bone and soft tissue cultures are part of all knee revision as well as routine sonication of the retrieved implants. Sometimes a positive culture might be discovered in routine, not infected, with normal blood tests, negative leukocyte bone scan and without gross intraoperative signs of infected knee prosthesis. The finding should be carefully evaluated for contamination. If high suspicion for masked infection exists, six weeks of parenteral antibiotic should be administered.
Outcome of treatment with surgical revision
As a rule, revision Total Knee Arthroplasty offers inferior results and higher complication rates compared to primary arthroplasty [33] .
According to the published data the successful functional results following the treatment of late infection of a total knee arthroplasty by a two-stage re-implantation of a new prosthesis should be expected in about 90% of patients [34, 35, 36, 37] .
In spite of its high personal and financial burden the two-stage re-implantation is recognized as the most reliable method for eradicating infection [38] . Although one-stage revision is appealing and less technically demanding, the risk of re-infection is a deterring factor. Two-stage revision procedures may encounter bone loss, obscure landmarks, structural weakness and soft tissue deficiency, which may result in continued pain, decreased mobility and rarely fractures. Nevertheless, the success rate of this method was found to be in the range of 82-93%, whereas the success rate of the one-stage procedure was of 71-81% [34] . Therefore two-stage re-implantation technique represents the procedure of choice for definitive eradication of infection and preservation of knee function.
According to the published data on one-stage revisions (Table 1) in the large series of patients, with mid-term follow up, around 80% success rate in eradication of infection should be expected. In our series of 43 patients with infected TKA, with characteristic 50% rate of infection with Staphylococcal strains [7] , twenty patients underwent a one-stage procedure and 21 patients underwent a two-stage procedure. Our overall data indicate 83% postoperative satisfaction with 87% good and excellent results after revision [41, 42] . After an average follow-up of 8 years, subjective satisfaction was reported by 80% of patients without any evidence of reinfection in the whole group of these patients. However in one-stage group a recurrent infection was noted in 20% of cases. We use a constrained design of revision prosthesis in order to overcome the expected soft tissue insufficiency in the revised knee ( Figure 5) .
A:
B: 
Salvage surgical procedures
In failed treatment of revision TKA or in case of a multioperated knee and a debilitated patient another surgical procedure might be required for limb salvage.
Knee arthrodesis
Knee arthrodesis should be considered as a therapeutic option when other described above techniques have failed, especially in young patients with high functional demands or in patients with extensive deformities, advanced alterations of the extensor mechanism, deficient soft tissues, immunosuppression or infections by highly virulent bacteria. Arthrodesis provides a stable and pain-free limb. However, there is no flexion and the function of the knee is sacrificed, causing an advanced functional impairment. This is generally an irreversible situation. The procedure can be performed with intramedullary nail, metallic plate or external fixation [43, 44] (Figure 6 ). We have a good clinical experience using the Ilizarov external fixator for this purpose. We used this method in twelve consecutive patients following failed revision TKA surgery performed as treatment for infected initial knee prosthesis. Solid fusion was achieved in all patients within an average healing time of 27.6 weeks. Average shortening of the affected lib was 3.7 cm. We concluded that the Ilizarov fixator for knee arthrodesis after failed TKR produced favorable results and should be considered for the use by surgeons who are familiar with this technique [44] . The success is dependent on the proficiency of the surgeons in Ilizarov method and patient cooperation. 
Resection arthroplasty
By this salvage method a permanent removal of the implant and cement with local debridement, without re-implantation, are performed. The purpose of this technique is to create a false joint that may allow a certain range of motion. The leg is immobilized for a period between 3 and 6 months in order to allow the soft tissues retraction with creation of free area for movement with a certain degree of stability. Candidates for this type of treatment are patients with low functional demands [45] .
Limb amputation
This technique should be considered the last resort when dealing with salvage of a prosthetic infection. Its indications are as follows: an uncontrolled infection that threatens the patient's life, large bone loss and severe soft tissue defects [46] . Functional results tend to be extremely poor and patients often end up in a wheelchair. However a successful above knee amputation may provide the best function for patients who otherwise would have a functionless knee joint. In the past limb amputation was required most frequently in infected TKA with cemented stem hinges.
Future: Prosthetic design "tuned" to prevention of periprosthetic infection
The best solution is to prevent infection rather than treat it. Nowadays the trend is to design an implant that is less susceptible to infection by using surfaces that will be resistant to bacterial adhesion and generation of biofilm. These designs will be appropriate to prevent infection originating via hematogeous spread. Another approach is to use local slowly released antibacterial agents, such as antibiotics or chemical free radicals, that will keep an efficient periprosthetic high concentration antimicrobial milieu in order to prevent biofilm bacterial masking [47] . This is a very important factor since the effective concentration of antibiotics for penetration of biofilm masking should be 1000 times higher than can be achieved following they usual oral or parenteral administration.
Most of the efforts for generation of anti-biofilm surfaces of the prostheses are still in development stage and still have not gain wide clinical use. Currently three main directions are utilized for this purpose. The most common method is to use titanium surfaces that release bactericidal superoxide radicals [48] . This method is especially appealing since TiO 2 is has no significant cytotoxic effect on mammalian cells. We observed that human osteoblast-like cells in culture remain viable after exposure to high concentration of TiO 2 0.1 mm granules in culture media (10% v:v). Another metal that has bactericidal properties is silver. There are a lot of efforts in designing prosthetic surfaces containing silver [48] . We found that it has a bactericidal effect on different Staphylococci strains, but Pseudomonas aeruginosa remained resistant to its high concentration (10% v:v). The main problem with the use of silver for prosthetic coating is its toxicity to the host cells. We observed a profound cytotoxic effect in cultures of human osteoblast-like cells exposed to 0.1 mm granules of silver in culture media in bactericidal concentration. For this reason the surfaces coated by TiO 2 have a better bactericidal potential for clinical use.
There is also a possibility to use immobilized antibiotic coverage for prosthetic surfaces. This method is still has not reached a proved clinical use [48] .
Currently the widespread method of prosthetic fixation with methyl methacrylate bone cement, containing broad spectrum antibiotics, is the only proven way to create an antimicrobial periprosthetic surrounding. The uncontrolled release of the antibiotics and potential reduced fixation characteristics of the cement containing antibiotics are the main disadvantage of this method, but it is no clinical evidence that might support these concerns.
Conclusion
Despite considerable advances in surgical techniques and preoperative care, a 0.5-2% prevalence of infection in total knee arthroplasty (TKA) still poses a great challenge in the treatment of this devastating and costly complication. Current solutions to treat periprosthetic infection remain imperfect. Treatment strategy varies from conservative lifelong antibiotic suppression therapy in the very high risk patient, arthroscopic or surgical debridement, revision in one or two-stage, arthrodesis or resection arthroplasty as a salvage procedure, and amputation in life-threatening conditions. The decision on the best method of treatment should be personalized to the patient's general health, the severity of the infection and the complexity of the surgery. Currently most of the surgeons have adopted the two-stage protocol, where prosthetic removal, debridement and culture-specific I.V. therapy prior to re-implantation are regarded as standards of care. Although one-stage revision procedure is practiced by some, there is no clear evidence to define when this procedure can be safely applied, because there is no sufficient reliable data on a clinical reliability of this approach. The quest to perform one-stage revision should be continued, as two-stage operations classify the patient in a multiple operations category, with all the resulting potential complications, such as arthrodesis and amputation. Nevertheless, the threat of re-infection after the one-stage procedure surpasses the potential benefits. Judicious selection of patients is the key for successful mode of treatment. Currently the two-stage exchange arthroplasty, with all its inherent problems and drawbacks, allows only a partial success in treatment of TKA infection. New modalities or avenues for treatment of prosthetic infection are desirable. 
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